Introduction
============

Lower back pain (LBP) is one of the most common complaints in the orthopedic outpatient department, with total costs incurred by complications associated with LBP amounting to \~\$100 billion/year in the US ([@b1-etm-0-0-7744],[@b2-etm-0-0-7744]). Intervertebral disc (IVD) degeneration (IDD) is an important cause of LBP ([@b3-etm-0-0-7744],[@b4-etm-0-0-7744]). The mechanism of IDD onset involves a complex biochemical cascade. An important feature of IDD is the loss of proteoglycan content in nucleus pulposus cells, leading to a change in biomechanics ([@b5-etm-0-0-7744]). However, in spite of accumulating research data, the relationship between mechanical load and IDD onset remains unclear.

The IVD serves an important role in the biomechanics of the spine as it experiences varying degrees of mechanical stress during daily tasks ([@b6-etm-0-0-7744]). Previous studies have found that mechanical load is an important factor in the pathogenesis of IDD ([@b7-etm-0-0-7744],[@b8-etm-0-0-7744]). Indeed, excessive mechanical pressure has been demonstrated to promote apoptosis, upregulate the expression of extracellular matrix (ECM)-degrading enzymes whilst downregulating those associated with ECM synthesis in nucleus pulposus cells, ultimately leading to IDD ([@b7-etm-0-0-7744],[@b8-etm-0-0-7744]). However, unlike excessive mechanical loading, moderate amounts of mechanical pressure may exert beneficial effects on nucleus pulposus cells ([@b9-etm-0-0-7744]). Therefore, the relationship between mechanical loading and associated intracellular mechanism in nucleus pulposus cells requires further study.

NF-κB is an important pathway that regulates gene expression. A number of studies have previously revealed that mechanical forces exerted physiological influences on a variety of different cell types by NF-κB activation, including chondrocytes, endothelial cells and cardiomyocytes ([@b10-etm-0-0-7744]--[@b12-etm-0-0-7744]). In addition, the NF-κB pathway serves an important role in the regulation of the inflammatory response and has been reported to be closely associated with IDD ([@b13-etm-0-0-7744]). NF-κB activation leads to the upregulation of inflammatory cytokines and ECM-degrading enzymes, resulting in ECM degradation and IDD ([@b13-etm-0-0-7744],[@b14-etm-0-0-7744]). On the basis of these previous findings, it was hypothesized that NF-κB activation may be associated with mechanical loading in nucleus pulposus cells.

In the present study, a human nucleus pulposus cell line model was used to examine the physiological consequences of differential patterns of mechanical loading. Data from the present study may clarify the potential mechanism and relationship between mechanical pressure and IDD.

Materials and methods
=====================

### Cell culture

Primary human nucleus pulposus (NP) cells (cat. no. 4800; ScienCell Research Laboratories, Inc.) were cultured using high-glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin (HyClone, Thermo Scientific, USA) and 100 µg/ml streptomycin (HyClone; GE Healthcare Life Sciences) up to passage 2--3. NP cells were incubated at 37°C with 5% CO~2~.

### Mechanical loading

Mechanical loading was achieved using the FX-5000TM Tension or Compression system according to default parameters (Flexcell International Corporation). Cells were cultured at 37°C between a piston and stationary platen, positive air pressure was exhibited to achieve compression loading. NP cells (2×10^5^/ml) were seeded into six-well BioFlex plates (Flexcell International Corporation) and subsequently designated as the unloaded control, load or overload groups. The NP cells in the load group were treated with two or five cycles of mechanical loading, with each cycle consisting of 0.8 MPa 0.5 Hz for 4 h followed by 0.1 MPa 0.5 Hz for 20 h. Cells in the overload group were subjected to two or five cycles of mechanical pressure, and each cycle consisted of 0.8 MPa 0.5 Hz for 20 h followed by 0.1 MPa 0.5 Hz for 4 h. Cells were loaded for 2 or 5 days depending on the number of mechanical pressure cycles. In the control group, cells were cultured without mechanical loading.

### Cell Counting kit-8 (CCK-8) assay

Following 24 or 48 h of mechanical loading, cell viability was measured using the CCK-8 assay kit (Dojindo Molecular Technologies, Inc.) according to manufacturer\'s protocol. CCK-8 solution diluted in DMEM was added to the six-well BioFlex plates prior to incubation for 2 h at 37°C. The solution was then transferred to 96-well plates for optical density (OD) measurement at 450 nm. DMEM that was not conditioned by NP cells was used as blank control. Viability was calculated using the following formula: Viability = \[OD~(24\ or\ 48\ h)~-OD(blank)\]/\[OD~(0\ h)~-OD~(blank)~\].

### Cell apoptosis assay

An Annexin V APC-PI Apoptosis kit was used for cell apoptosis assay (550474, BD Biosciences). NP cells were collected and suspended in 500 µl binding buffer after mechanical loading. A total of 5 µl Annexin-V-fluorescein isothiocyanate and 5 µl propidium iodide were then added into the buffer before incubation for 15 min in the dark. Flow cytometry analysis was performed to detect apoptotic cells. Flowjo 10.0 software (FlowJo, LLC) was used for data analysis.

### Western blot analysis

NP cells were either treated with or without the NF-κB pathway inhibitor BAY11-7082 (20 µM; Selleck Chemicals) 48 h prior to mechanical loading. After treatment, the cells were washed twice using ice-cold PBS and lysed with RIPA buffer (50 mM Tris (pH 7.4); 150 mM NaCl; 1% NP-40; 0.5% sodium deoxycholate) supplemented with different inhibitors (1 mM Na3VO4, 10 mM NaF or 1% phosphatase/protease inhibitor cocktail). Protein concentration was quantified using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). The samples (20 µg per lane) were then separated using 10% SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked in 5% fat-free milk diluted in TBS supplemented with 5% w/v BSA (Gibco; Thermo Fisher Scientific, Inc.) and 0.1% Tween-20 (TBS-T) for 1 h at room temperature, followed by incubation with primary antibodies against NF-κB inhibitor-α (IκBα; cat. no. 4814), phosphorylated-IκBα (p-IκBα; cat. no. 2859), p65 (cat. no. 8284) or p-p65 (cat. no. 3039; 1:1,000; Cell Signaling Technology, Inc.) at 4°C overnight. The membranes were then washed with TBS-T three times, before incubation with appropriate secondary antibodies conjugated with IRDye^®^ 800CW at room temperature for 1 h (cat. no. 925-32211, 1:20,000, LI-COR corporate). Immunoreactive bands were visualized using Odyssey infrared imaging system (LI-COR Biosciences). The β-actin antibody (1:2,000; cat. no. 3700; Cell Signaling Technology, Inc.) at 4°C overnight was used as loading control. Positive bands were quantified using Quantity One 1-D version 4.6.9 (Bio-Rad Laboratories, Inc.) and normalized to β-actin.

### Gene expression assay

Following 48 h mechanical pressure, total RNA was extracted from cultured cells using TRIzol^®^ reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. cDNA was then generated from 1 µg purified total RNA using PrimeScriptTM RT Master Mix (Takara Bio, Inc.) according to manufacturer\'s protocol. For quantitative PCR, thermocycling was performed by denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec. For semi-quantitative PCR, thermocycling was performed using 40 cycles of 95°C for 30 sec, 72°C for 45 sec and 74°C for 60 sec. Gene expression was determined using semi-quantitative and quantitative PCR (qPCR). Semi-quantitative PCR was performed using GoTaq^®^ Green Master Mix (Promega Corporation) according to manufacturer\'s protocol. PCR products were verified using 1.5% agarose gel electrophoresis. Positive immunoreactive bands were observed using a GelDoc XR System (Bio-Rad Laboratories, Inc.) and quantified using Quantity One 1-D version 4.6.9 software (Bio-Rad Laboratories, Inc.). qPCR was performed using a SYBR^®^ Premix Ex TaqTM kit (Takara Bio, Inc.) with the Applied Biosystems Prism^®^ 7500 Fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to manufacturer\'s protocol. The primer sequences for metallopeptidase (MMP)-3 and −13, A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 and −5, aggrecan, collagen-II, Bcl-2, Bax and β-actin were designed and selected using BLAST, and are listed in [Table I](#tI-etm-0-0-7744){ref-type="table"}. Gene expression was measured using the 2^−ΔΔCq^ method ([@b15-etm-0-0-7744]), with β-actin used as internal control.

### ELISA

NP cells were subjected to mechanical loading for 2 and 5 days respectively. The levels of C-telopeptide of type II collagen (CTX--II) in the culture medium of NP cells were subsequently measured using a commercially available ELISA kit (cat. no. MOCT00; R&D Systems, Inc.) according to manufacturer\'s protocol.

### Immunocytochemistry

NP cells were seeded onto coverslips and subjected to mechanical loading for 2 or 5 days. For the overload + BAY11-2082 group, BAY11-7082 was added to the culture medium at the beginning of mechanical loading for 2 or 5 days at 37°C. Immunocytochemistry was then performed on days 2 and 5, after mechanical loading, respectively. The cells were fixed using 4% paraformaldehyde for 10 min at room temperature prior to incubation with 0.2% Triton X-100 for 15 min at room temperature. Following blocking at room temperature for 2 h with 5% fat-free milk diluted in TBS and supplemented with 5% w/v BSA, cells were incubated with anti-Collagen II antibody (cat. no. ab24118; 1:500 dilution; Abcam,) overnight at 4°C and treated with horseradish peroxidase-conjugated secondary antibody (1:1,000; cat. no. M00172; Boster Biological Technology) for 1 h at room temperature, prior to immersion into DAB at room temperature for 5 min. All immunocytochemistry images were captured using a Nikon ECLIPSE 80i microscope (Nikon Corporation) with NIS-Elements D software (version 4.50; Nikon Corporation). For all images captured, integral optical density analysis was calculated using Image Pro Plus software 6.0 (Media Cybernetics, Inc.).

### Statistical analysis

All experiments were repeated three times. All data are presented as the mean ± standard deviation. Statistical analysis was performed using one-way ANOVA, followed by Duncan\'s post-hoc test using SPSS 19.0 (IBM Corp.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of mechanical loading on cell viability and apoptosis

To study the effects of mechanical loading on NP cells, CCK-8 assay was used to assess cell viability. Cell viability in the load group was found to be enhanced at 48 h compared with the control group, whilst that in the overload group was significantly reduced at 24 and 48 h ([Fig. 1A](#f1-etm-0-0-7744){ref-type="fig"}). Compared with the control group, although moderate loading did not significantly alter Bax and Bcl-2 expression, overloading significantly increased Bax expression whilst downregulating Bcl-2 expression ([Fig. 1B and C](#f1-etm-0-0-7744){ref-type="fig"}). According to flow cytometry analysis, the apoptotic rate was significantly increased in the overload group compared with the load group, but no significant differences were observed between the load and control groups ([Fig. 1D and E](#f1-etm-0-0-7744){ref-type="fig"}).

### ECM synthesis is affected by different patterns of mechanical loading

To measure ECM synthesis related gene and protein expression in NP cells, reverse transcription-qPCR (RT-qPCR) and immunocytochemistry were used to evaluate mRNA and protein levels of Collagen II and aggrecan, respectively. Collagen-II synthesis was significantly increased in the load group compared with the control group, the production of Collagen-II increased in the load group compared with the control group ([Fig. 2](#f2-etm-0-0-7744){ref-type="fig"}); however, collagen-II mRNA and protein expression levels were significantly reduced in the overload group compared with the load group ([Figs. 2](#f2-etm-0-0-7744){ref-type="fig"}, [3A and B](#f3-etm-0-0-7744){ref-type="fig"}). In terms of aggrecan, gene expression was reduced in the overload group compared with the control group; while moderate loading increased NP cell aggrecan expression ([Fig. 2](#f2-etm-0-0-7744){ref-type="fig"}).

### Expression of ECM-degrading enzymes and collagen-II degradation are stimulated by excessive mechanical loading

The effects of mechanical loading on the expression of the main ECM-degrading enzymes in NP cells and collagen-II degradation were examined using RT-qPCR analysis and ELISA. The expression of ECM-degrading enzymes MMP-3, MMP-13, ADAMTS-5 and ADAMTS-4 in the overload group was significantly increased compared with the control group ([Fig. 2](#f2-etm-0-0-7744){ref-type="fig"}); whilst no significant differences were observed between load and control groups. According to the ELISA data, CTX--II levels in the culture medium collected from the overload group were significantly increased at day 5 compared with that from the control group, suggesting accelerated collagen-II degradation in the overload group ([Fig. 3C](#f3-etm-0-0-7744){ref-type="fig"}). Additionally, CTX--II level was reduced in load group at day 5 when compared with the control group ([Fig. 3C](#f3-etm-0-0-7744){ref-type="fig"}).

### Excessive mechanical loading promotes ECM degradation by activating NF-κB in NP cells

To evaluate the intracellular mechanism of excessive mechanical loading in NP cells, the activation of the NF-κB pathway was measured using western blot analysis following BAY11-7082 treatment. In the overload group, the degrees of p65 and IκBα phosphorylation were significantly elevated on day 5 compared with the load group and the control group. Therefore, excessive mechanical loading significantly increased NF-κB pathway activation in NP cells, which was reversed by BAY11-7082 treatment ([Fig. 4A and B](#f4-etm-0-0-7744){ref-type="fig"}). Collagen-II degradation in the overload group was partially reversed in the presence of BAY11-7082 on day 5 ([Fig. 4C and D](#f4-etm-0-0-7744){ref-type="fig"}), suggesting a role for the NF-κB signaling pathway in collagen-II degradation induced by mechanical overload.

Discussion
==========

The L4/5 and L5/S1 lumbar segments are the most susceptible to degeneration due to the heavy mechanical pressure endured ([@b16-etm-0-0-7744]). However, the specific value of loading of spine is difficult to quantify. Wilke *et al* ([@b17-etm-0-0-7744]) directly measured the pressure in the L4/5 disc of a healthy volunteer, which was found to be 0.1 MPa during sleep and 0.3--2.3 MPa during activities performed in daily life (sitting, 0.3--0.83 MPa; standing, 0.5--1.1 MPa; lifting weight, 1.1--2.3 MPa). Based on the findings of this study, the current study used 0.1 and 0.8 MPa pressure to mimic rest and working activities, respectively.

Sleep deprivation is considered to be a possible risk factor for the progressive deterioration of LBP. Appropriate amounts of sleep were previously reported to mitigate chronic pain ([@b18-etm-0-0-7744]). Therefore, in the present study, a 4-h resting period was set for the overload group to mimic patients with sleep problems and study the relationship between rest time and IDD. The results suggested that poor sleep may be an underlying factor for IDD, whilst ample rest exhibited beneficial effects for IVD.

Static or dynamic compression techniques have been frequently applied to research disc degeneration ([@b19-etm-0-0-7744],[@b20-etm-0-0-7744]). It was previously reported that dynamic compression was more physiologically relevant compared with static compression *in vivo* ([@b17-etm-0-0-7744]). In the current study, dynamic compression was used to gain a better result. However, the pressure of 2.0 MPa applied in the study was relatively high and the *in vitro* loading time of 45 min was relatively short ([@b19-etm-0-0-7744]). It has previously been demonstrated that in rabbit chondrocytes subjected to stress varying from 0 to 200 kPa, and at 0.1 Hz, yielded the strongest tissue-engineered cartilage ([@b21-etm-0-0-7744]). However, the most appropriate pressure for studying nucleus pulposus cells remains poorly understood. In the present study, an *in vitro* loading model was constructed. It was found that a short loading time followed by a long period of rest exerted beneficial effects on nucleus pulposus cells, while a long loading time followed by a short period of rest led to increased apoptosis and accelerated collagen II degradation.

Nucleus pulposus cell apoptosis serves an important role in IDD, as it leads to ECM degradation and the fibrosis of nucleus pulposus ([@b22-etm-0-0-7744],[@b23-etm-0-0-7744]). Aberrant mechanical stress due to stretching has been found to induce chondrocyte and nucleus pulposus cell apoptosis ([@b23-etm-0-0-7744],[@b24-etm-0-0-7744]). The present study demonstrated that prolonged periods of mechanical pressure inhibited nucleus pulposus cell viability whilst promoting apoptosis by disrupting the balance between Bcl-2 and Bax expression. However, the detailed mechanism underlying this observation requires further study in the future.

MMPs and ADAMTSs are the major catabolic enzymes that have been studied extensively in the pathogenesis of IVD degeneration ([@b25-etm-0-0-7744],[@b26-etm-0-0-7744]). Among these families of enzymes, MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5 were classified as the major enzymes related to IDD ([@b27-etm-0-0-7744],[@b28-etm-0-0-7744]). In particular, an in vitro study previously reported that the expression of ADAMTSs was significantly elevated in human nucleus pulposus cells after the application of compressive load ([@b29-etm-0-0-7744]). This study provided preliminary data on the underlying mechanism linking compressive load to the development of IDD. In the present study, it was found that the expression levels of MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5 were upregulated after prolonged periods of loading, whereas the expression of collagen-II and aggrecan were suppressed. These results suggest that long periods of mechanical pressure may reduce ECM content by limiting synthesis and promoting degradation.

The NF-κB signaling pathway serves a crucial role in IDD, as it had been demonstrated to be activated in response to mechanical stress ([@b30-etm-0-0-7744]), leading to the production of ADAMTSs and MMPs ([@b31-etm-0-0-7744]). A previous study reported that the expression of ADAMTS-4, ADAMTS-5 and MMP-13 increased following mechanical stress by activating NF-κB in human chondrocytes, an effect that could be reversed by the inhibition of NF-κB signaling ([@b11-etm-0-0-7744]). The present study yielded similar observations as excessive mechanical loading induced NF-κB activation, whilst the inhibition of NF-κB reduced ECM degradation. However, it was noted that IκBα was also mildly phosphorylated in the load group. Indeed, the NF-κB pathway has been reported to be associated with a large number of cellular physiological events that do not involve ECM degradation and mechanical loading ([@b30-etm-0-0-7744]). Therefore, results from the present study suggest that mechanical loading may influence nucleus pulposus cell ECM content in a NF-κB-independent manner, and differential magnitudes of NF-κB activation may produce different outcomes.

However, the present study had certain limitations. Firstly, cells were cultured in a monolayer which is inconsistent with *in vivo* conditions. Secondly, the mechanism of mechanical loading on nucleus pulposus cells was not thoroughly studied. Further studies should focus on using three-dimensional cell culture models and should including additional studies into the mechanism behind this.

In conclusion, the results from the present study demonstrate that excessive mechanical loading inhibits human nucleus pulposus cell viability and promotes ECM degradation by NF-κB activation, whilst appropriate mechanical loading exhibited beneficial effects for nucleus pulposus cells.
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![Effects of mechanical loading on nucleus pulposus cell viability and apoptosis. (A) Nucleus pulposus cells were subjected to different patterns of mechanical loading, following which cell viability was measured using Cell Counting kit-8. (B and C) Bax, Bcl-2 and β-actin expression levels were measured using semi-quantitative PCR and the ratio of Bax/Bcl-2 was calculated. (D and E) The apoptotic rate of nucleus pulposus cells was detected using flow cytometry and the results were analyzed quantitatively. The cells in lower right quadrant in the image were used for quantification of apoptosis. Data are presented as the mean ± SD. ^\#^P\<0.05 vs. overload and \*P\<0.05 vs. control. PI, propidium iodide; APC-A, allophycocyanin-A.](etm-18-03-1587-g00){#f1-etm-0-0-7744}

![Prolonged mechanical loading increases the expression of genes associated with extracellular matrix metabolism in nucleus pulposus cells. The expression levels of collagen-II, aggrecan, MMP-3, MMP-13, ADAMTS-4 and ADAMTS-5 mRNA from different groups were measured using reverse transcription-quantitative PCR. Data are presented as the mean ± SD. ^\#^P\<0.05 vs. overload group and \*P\<0.05 vs. control group. MMP, metallopeptidase; ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs.](etm-18-03-1587-g01){#f2-etm-0-0-7744}

![Excessive mechanical loading promotes extracellular matrix degradation in nucleus pulposus cells. (A) At days 2 and 5, collagen-II expression was measured in different groups using cell immunocytochemistry. Magnification, ×200. (B) The results of cell immunocytochemistry were quantified using integrated optical density. (C) The CTX--II content in the culture medium collected from cells in different groups was measured by ELISA. Data are presented as the mean ± SD. ^\#^P\<0.05 vs. overload and \*P\<0.05 vs. control. CTX--II, C-telopeptide of type II collagen; IOD, integrated optical density.](etm-18-03-1587-g02){#f3-etm-0-0-7744}

![Excessive mechanical loading results in extracellular matrix catabolism in nucleus pulposus cells by activating the NF-κB pathway. (A) The protein expression levels of IκBα, p-IκBα, p-65, p-p65 and β-actin were evaluated using western blotting. (B) Relative expression levels of each protein were analyzed quantitatively. (C) At day 5, collagen-II expression in different groups was measured using immunocytochemistry. Magnification, ×200. (D) The results from cell immunocytochemistry were quantified using IOD. Data are presented as the mean ± SD. ^\#^P\<0.05 vs. overload and \*P\<0.05 vs. control. IκBα, NF-κB inhibitor-α; p-IκBα, phosphorylated-IκBα; p-p65, phosphorylated-p65; IOD, integrated optical density.](etm-18-03-1587-g03){#f4-etm-0-0-7744}

###### 

Sequences of primers used in polymerase chain reaction.

  Gene          Primer sequence (5′-3′)
  ------------- -------------------------------
  Bcl-2         Forward GAACTGGGGGAGGATTGTGG
                Reverse CCGTACAGTTCCACAAAGGC
  Bax           Forward CCAGAGGCGGGGTTTCAT
                Reverse GGAAAAAGACCTCTCGGGGG
  MMP-3         Forward TTTGGCCGTCTCTTCCATCC
                Reverse GCATCGATCTTCTGGACGGT
  MMP-13        Forward ACCATCCTGTGACTCTTGCG
                Reverse TTCACCCACATCAGGCACTC
  ADAMTS-4      Forward ACCGATTACCAGCCTTTGGG
                Reverse CCGACTCCGGATCTCCATTG
  ADAMTS-5      Forward CCGAACGAGTTTACGGGGAT
                Reverse TGTGCGTCGCCTAGAACTAC
  Aggrecan      Forward CAGATGGCACCCTCCGATAC
                Reverse GACACACCTCGGAAGCAGAA
  Collagen-II   Forward GGCCAGGATGCCCGAAAATT
                Reverse ACCCCTCTCTCCCTTGTCAC
  β-actin       Forward AACCTTCTTGCAGCTCCTCCG
                Reverse CCATACCCACCATCACACCCT

MMP, metallopeptidase; ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs.
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